The resistive random access memory ͑ReRAM͒ device with three distinguishable resistance states is fabricated by doping Cu into a portion of the ZrO 2 oxide layer of the Ti/ ZrO 2 / n + -Si structure. The temperature-dependent measurement results demonstrate that filaments due to ionic trap-controlled space charge limited current conduction and metallic bridge are formed at different voltages. The formation and rupture of these different conducting filamentary paths in parallel are suggested to be responsible for the multilevel switching with the large resistance ratio, which can be used to establish a reliable multilevel ReRAM solution with variation tolerance.
10 AlO x , 11 and even amorphous Si ͑Ref. 12͒ and doped SiO 2 . 13 These materials can establish resistive random access memory ͑ReRAM͒ with high density and lowvoltage/low-power operations. Recently, HfO 2 and ZrO 2 have attracted extensive attention for ReRAM applications by providing easy fabrication process and full compatibility with the complementary metal-oxide-semiconductor technology. 7, 10, [14] [15] [16] ReRAM devices with these materials can form filaments with different switching properties by changing doping materials and fabrication processes. [14] [15] [16] Particularly, when a ZrO 2 sandwiched junction device is programmed, a filament with ionic trap-controlled space charge limited current conduction ͑SCLC͒ can be formed in the undoped ZrO 2 layer, 14 while a metallic conduction filament ͑or metal bridge͒ can be formed in the Cu-doped ZrO 2 layer. 16 Therefore, the multilevel resistance states can be obtained by forming different filaments inside the device to increase the data storage capability of the device and establish efficient memory circuits.
In this letter, an ultrathin Cu film is introduced into a portion of the ZrO 2 layer of the Ti/ ZrO 2 / n + -Si device to obtain three resistance levels. The temperature-dependent measurement is carried out to analyze different switching mechanisms for these resistance levels. Compared with the multilevel ReRAM devices based on one switching behavior, 17, 18 the proposed device can utilize the properties of different filaments to obtain distinguishable resistance levels with large resistance ratios.
A 70-nm-thick ZrO 2 layer is deposited on a n + silicon wafer by the rf sputtering method. Then, a photolithography is performed to pattern horizontal 3-m-wide stripes, followed by a sputtering process of an about 7-nm-thick Cu ultrathin film. After the first lift-off process, annealing is performed at 600°C for 30 s to activate Cu atoms in the ZrO 2 layer, and then the top Ti electrode ͑100-nm-thick͒ is deposited. Finally, the second lift-off process is used to get the square Ti electrodes ͑6 ϫ 6 m 2 ͒, each covering both an undoped stripe ͑left͒ and a Cu stripe ͑right͒ as shown in Fig. 1 .
In order to verify the different doping materials in the left and right sides of the device, we use Auger electron spectroscopy ͑PHY 660͒ technique to get the depth profiles. Figure 1 demonstrates that at the Cu-doped region ͑the right side of the device͒, the insulator layer consists of ZrO 2 and Cu doping. The 7-nm-thick Cu doping can diffuse and the Cu depth profile is more than 7 nm. The undoped region ͑the left side of the device͒ shows a minimum Cu depth.
The ͑I-V͒ characteristics of the 6 ϫ 6 m 2 device are obtained by using Keithley 4400 Semiconductor Characterization System, exhibiting the reproducible multilevel switching without the requirement of electroforming. As shown in Fig. 2͑a͒ , by sweeping the voltage: 0 V → +3 V → 0 V→ −3 V → 0 V ͑current compliance is 1 mA͒, the sample shows the bipolar switching with two distinguishable values: R off ͑ϳM⍀͒ and R on 1 ͑ϳ10 k⍀͒. As seen in are demonstrated: R off ͑ϳM⍀͒, R on 1 ͑ϳ10 k⍀͒, and R on 2 ͑ϳ200 ⍀͒. It is important to note that the reset process of R on 2 to R on 1 shows the nonpolar switching behavior. When R on 2 is obtained at +4 V, it can be reset to R on 1 in both positive ͑ϳ+1.8 V͒ and negative voltages ͑ϳ−1.7 V͒, showing no polarity. However, since the switching from R on 1 to R off is bipolar ͓Fig. 2͑a͔͒, the switching from R on 1 back to R off only occurs in the negative region, as shown in Fig. 2͑b͒ . We can then use "a-b-c" sweeping to "program" all the three levels and then "erase" them. The read voltages 0.5-1 V can be used to get these resistance levels.
In order to study the device switching mechanisms, we obtained the temperature-dependent resistance values of the device after the SET1 operation ͑V set 1 Ͻ 3 V for R on 1 ͒, and after SET2 operation ͑V set 2 Ͼ 3 V for R on 2 ͒, respectively. Fig. 3͑a͒ illustrates the R on 1 and R on 2 ͑the read voltage is 0.5 V͒ as a function of the temperature in the range of 200-400 K. Note that R on 1 decreases as the temperature increases, demonstrating the ionic filament is formed after the SET1 operation. 16 Such an ionic filament is generally based on the oxygen vacancies in the oxide, showing a combination of Ohmic and square-law conductions. 15, 19 As shown in Fig. 2͑a͒ , the I-V curve of R on 1 contains a region known as the child's square law region ͑I ϳ V 2 ͒. It is also noted that after the SET1 process, when the voltage sweeps from +3 V → 0 V, the device will maintain the low resistance R on 1 at the 0 V. Whereas, if the voltage sweeps from −3 V → 0 V after the SET1 process, the device will reset and a high resistance value is obtained at 0 V. That is, the reset process can only occur in the negative region. Even though the I-V curve is changing in the counterclockwise direction ͓Fig. 2͑a͔͒, the resistance change or variation of the proposed device between Ϯ3V follows the clockwise direction ͑similar to Figs. 4 and 5 in Ref. 19͒, reflecting the asymmetric ionic trap-controlled space charge limited current conduction. 19 The electron traps at the top or bottom electrodes can absorb injected electrons. 19 After the traps are filled, the voltage square-law conductance may occur. Since the top and bottom electrodes of the proposed device are based on different materials with different trap potentials, the trap structures of the SCLC filament are asymmetric. It was demonstrated in Ref. 19 that for the high-barrier top electrode and low-barrier bottom electrode case, the SCLC filament will exhibit the clockwise resistance change, which might be used to explain the ionic filament switching behavior of the proposed device.
The temperature-dependent measurement also illustrates that R on 2 is increasing linearly with the temperature, demonstrating that a metallic filament is formed after the SET2 operation. 16 The metal ions such as Cu or Ag can diffuse into the oxide to form the metallic filament, 10, 16 which was directly observed in the recent transmission electron microscopy ͑TEM͒ images and also with the high-resolution energy dispersive X-ray spectroscopy ͑EDX͒ analysis. 20 The set and reset voltages of the metallic switching can be higher than those of the ionic switching, since the formation of the metallic filament might require a higher electric field or voltage than the ionic SCLC filament. 15, 16 During the reset process, the rupture of the metallic filament is generally due to local heating 10, 16, [21] [22] [23] with no polarity, which is consistent with the nonpolar RESET1 or RESET3 operations in Fig. 2͑b͒ .
It is noteworthy that the above analysis of the ionic and metallic filaments is based on the temperature-dependent electrical measurement results. The direct TEM measurement will be carried out in our future work to verify the different switching mechanisms of the proposed device.
For the purpose of comparison, we made two devices ͑6 ϫ 6 m 2 ͒ with either a complete layer of Cu doping or without Cu doping using the same sputtering and photolithography methods. The resistance of the device without Cu doping is around 20 k⍀ and the one with Cu doping is in the range of 100-200 ⍀, which suggests that the switching mechanism of the three-level device might be the formation and rupture of the ionic and metallic bridge filaments connected in parallel. For the set processes, after SET1 operation, R on 1 is obtained. The current density is governed by the equation:
where o is the permittivity of free space, r is the dielectric constant of the ZrO 2 oxide, is the mobility of the conducting electrons in the ionic filament of ZrO 2 , L is the conducting filament length in the oxide, V is the read voltage ͑0.5-1 V͒, and A is the effective area of the SCLC filament. R on 1 can then be calculated in the range of 20-40 k⍀, which is in close agreement with the measured result for the read voltage between 0.5 and 1V.
After the SET2 operation, R on 2 is around 200 ⍀ and its current has a linear relationship with the applied voltage. Thus, we suggest that this resistance is mainly due to that of the metal bridge filament:R = h / 2e 2 N, where h is Planck's constant, e is electron charge, and N represents the number of conducting channels in the filament. 16, 22 Thus, R can be calculated to be around 300 ⍀. The equivalent resistance of this metallic filament and the ionic SCLC filament connected in parallel can represent R on 2 , which is consistent with the measurement result about 200 ⍀.
For the reset processes, the metallic filament shows the nonpolar switching property that can be explained by the local heating and the thermal dissolution of the filament. 22, 23 This filament can be turned off when a low voltage and a high current are applied regardless of the polarity. 16 Therefore, R on 2 can be reset to R on 1 in both negative and positive regions. Then, the ionic bipolar SCLC filament can be reset using a high voltage and a strong electric field in the negative voltage region. 15 The significance of this study is to demonstrate the proposed device can utilize different filaments to achieve the multilevel ReRAM switching with a large resistance ratio. Since the filaments and switching behaviors are different for R on 1 and R on 2 , the R on 1 / R on 2 ratio is greater than 10. Note that the R on 1 / R off ratio is also much greater than 10. Thus, even when the variations of three resistance values are around ten times ͑a number of testing results demonstrated such variations 9, [14] [15] [16] ͒, we can still have three distinguishable states. The multiple states with such variation tolerance might not be easily obtained in the device with a single type of filament. 17, 18 Therefore, the proposed device is a promising solution to establish reliable multilevel memory systems and is expected to have a significant impact to the integrated circuit industry.
The endurance characteristic of the three-level device is obtained at room temperature. During more than 100 cycles of "SET1-Read-SET2-Read-RESET1-Read-RESET2-Read," the three-level switching property still exists and the variations of the resistances are around seven times. The retention is also verified and the three resistance values are stable for over 2000 s. During the experiments, we made 40 samples of the proposed devices using the 600°C annealing process and 40 samples using the 400°C annealing temperature. In the first group of samples, 18 devices exhibit the hysteresis resistances. However, only four devices have the reproducible three-level switching and 14 samples show the two-level nonpolar switching behavior. The temperature-dependent measurement results show that the filaments formed in these 14 samples are metallic. In the second group of samples, nine devices show two-level switching and seven devices show three-level switching. Thus, it is suggested that if the Cu doping has a large diffusion due to a high annealing temperature inside the device, the SCLC filament might not be observed. The three-level devices might require a limited Cu diffusion and a low annealing temperature.
In conclusion, we have introduced an approach to build multilevel ReRAM devices by partially doping Cu into the ZrO 2 layer to obtain different filaments and switching behaviors in one device. It is similar to building one ionic device and one metallic device in parallel but in a more compact form. Since the resistance levels are due to different filaments, distinguishable levels with large resistance ratios can be obtained, leading to variation tolerance. This approach can also be extended to other materials to build a variety of ReRAM multilevel devices for future memory applications. 
